Comparing autorefractors for measurement of accommodation by Aldaba Arévalo, Mikel et al.
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Optometry and Vision Science 
Comparing Autorefractors for Measurement of Accommodation 
--Manuscript Draft-- 
 
Manuscript Number: OVS14602R2 
Full Title: Comparing Autorefractors for Measurement of Accommodation 
Article Type: Original Article 
Keywords: accommodation;  Accommodative response;  Static;  Dynamic;  WAM-5500; 
PowerRef-11. 
Corresponding Author: Mikel Aldaba, Ph.D. 
Centre for Sensors, 1nstruments, and Systems Development (CD6), Universitat 
Politecnica de Catalunya (UPC). 
Terrassa, Barcelona SPA1N 
Corresponding Author Secondary 
1nformation: 
Corresponding Author's 1nstitution: Centre for Sensors, 1nstruments, and Systems Development (CD6), Universitat 
Politecnica de Catalunya (UPC). 
Corresponding Author's Secondary 
1nstitution: 
First Author: Mikel Aldaba, Ph.D. 
First Author Secondary 1nformation: 
Order of Authors: Mikel Aldaba, Ph.D. 
Selena Gómez-López, M.Sc. 
Meritxell Vilaseca, Ph.D. 
 
 
Order of Authors Secondary 1nformation: 
Jaume Pujol, Ph.D. 
Montserrat Arjona, Ph.D. 
Abstract: Purpose: 
To compare the static and dynamic accommodative responses measured with the 
WAM-5500 and the PowerRef-11 autorefractors. 
Methods: 
The dynamic and static monocular accommodative responses were measured with the 
WAM-5500 and the PowerRef-11 instruments in thirty pre-presbyopic patients (23.66 ± 
3.19 years). The spherical equivalent was measured at 0.00, 2.50 and 5.00 diopters 
(D) of accommodative stimulation for the static measurements. The subjective 
refraction was also determined. Dynamic accommodation was measured for abrupt 
changes of stimulus vergence of 2.00D. Mean and peak velocities of accommodation 
and disaccommodation were evaluated. For the PowerRef-11, dynamic measurements 
were calculated for sampling frequencies of 5 and 25 Hz. 
Results: 
For far distance static results, the differences between subjective and WAM-5500 
measurements were of 0.07 ± 0.21D (p = 0.093) and between the subjective and the 
PowerRef-11 were of 0.70 ± 0.47D (p = 0.001). The difference in the response 
measured with both instruments was of 0.08 ± 0.32D (p = 0.194) for 2.50D and -0.32 ± 
0.48D (p = 0.001) for 5.00D of stimulation. For the dynamic mode, the PowerRef-11 at  
25 Hz measured faster mean and peak velocities of accommodation and 
disaccommodation than the WAM-5500, with statisically significant (p<0.05) 
differences of 0.68 ± 1.01, 0.67 ± 0.98, 1.26 ± 1.19 and 1.42 ± 1.53D/s, respectively. 
With a sampling frequency of 5 Hz for the PowerRef-11, these differences, statisically 
significant (p<0.05),  were reduced to 0.52 ± 0.90, 0.49 ± 0.91, 0.83 ± 1.07 and 0.83 ± 
1.31D/s, respectively. 
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Conclusions: 
There is good agreement between subjective refraction and WAM-5500 
measurements. 1n contrast, the PowerRef-11 produced more hyperopic results. There 
were no differences among instruments at 2.50D of static stimulation; however, 
differences were found at 5.00D. 1n the dynamic measurements, the PowerRef-11 
measured faster velocities, partly due to the difference in the sampling frequency. 
Manuscript 
 
 
 
1 Accommodation, defined as the dioptric change of the crystalline lens of the 
 
2 eye,1 enables people to obtain clear images at different distances. Presbyopia, 
 
3 the progressive loss of amplitude of accommodation with age,2 has been widely 
 
4 investigated since it eventually affects the whole population. Accommodation 
 
5 measurements can be indicative of different diseases affecting the 
 
6 accommodative system3 and also the binocular vision.4 Additionally, in the past 
 
7 few years there has been an increasing interest in restoration of 
 
8 accommodation,5  i. e., the techniques that increase accommodative ability in 
 
9 people with presbyopia by means of intraocular lenses and surgical treatments. 
 
10 To quantify the real effect of these techniques, precise measurements of the 
 
11 accomodation are necessary. 
 
12 
 
13 The measurements of accommodation can be divided into static and dynamic. 
 
14 In static measurements accommodation is measured under different stimulus 
 
15 conditions.  The  most  commonly  used  static  measurement  is  amplitude  of 
 
16 accommodation, where total/maximal accommodation is evaluated. Other static 
 
17 measurements  are  the  accommodative-stimulus  response  curve  and  lag of 
 
18 accommodation. In all these cases, the basis of the measurement is the degree 
 
19 of accommodation under specific conditions. In dynamic measurements, the 
 
20 accommodative  response  is  evaluated  through  time.  Although  in  clinical 
 
21 practice they are less common than static measurements, dynamic 
 
22 measurements  such  as  accommodative  flexibility  are  widely  used.  Other 
 
23 dynamic measurements such as accommodative velocity, latency and response 
 
24 time are currently laboratory based and still not typically applied to clinical work. 
 
25 
26 Static  and  dynamic  accommodation  can  be  measured  with  subjective  and 
 
27 objective techniques. Subjective techniques have a tendency to overestimate 
 
28 the accommodative response.6 To circumvent the dependence on the 
 
29 participant’s response, objective measurements such as retinoscopy,7 
 
30 autorefraction,8 aberrometry8 and double-pass systems9 are being increasingly 
 
31 used. 
 
32 
 
33 Dynamic retinoscopy is the objective technique most commonly used in clinical 
 
34 practice.7  However, it is difficult to perform and it can be considered partially 
 
35 subjective as  it is dependent on  the  examiner. An  automatic  alternative is 
 
36 photorefraction,10,11  based on the same principle as dynamic retinoscopy but 
 
37 where  the  examiner  does  not  determine  the  neutral  point.  There  was  a 
 
38 commercial  instrument  based  on  this  principle  (PowerRefractor,  Plusoptix) 
 
39 previously validated12 but no longer available in the market. The PowerRef-II is 
 
40 the successor of the PowerRefractor, based on the same principle, and its 
 
41 usefullness for static and dynamic accommodation measurements has been 
 
42 demostrated;13   it  has  become  a  reference  instrument  in  accommodation 
 
43 measurements as shown by its use in several research studies.13-15 
 
44 
 
45 Autorefraction is also widely used in research accommodation measurements. 
 
46 Indeed,  a  great  number  of  autorefractors based  on  different  principles  are 
 
47 available on the market. Seidemann et al.16  highlighted the great variability of 
 
48 results when measuring accommodation with different autorefractors, which can 
 
49 be explained by the different principles on which they are based and by other 
 
50 factors such as the accommodative stimulus. The Canon Autoref R-1,17  an 
51 open-field  autorefractometer  that  can  simulate  natural  vision  conditions, 
 
52 became widely used in research accommodation measurements and produced 
 
53 several studies on different aspects of accommodation.18-21  While the Canon 
 
54 Autoref R-1 is no longer in the market, new open-field autorefractometers such 
 
55 as the Grand Seiko WAM-550022 or Shin-Nippon NVision-K 5001 (also branded 
 
56 as the Grand Seiko WR-5100K)23  are now commercially available. The Grand 
 
57 Seiko WAM-5500 is now a reference instrument in the study of 
 
58 accommodation.24-26 
 
59 
 
60 The main goal of this study is to compare the static and dynamic 
 
61 accommodative measurements obtained with the PowerRef-II and the Grand 
 
62 Seiko  WAM-5500.  These  instruments  are  two  of  the  most  widely  used  in 
 
63 research  to  assess  the  accommodative  response.  To  our  knowledge,  no 
 
64 previous studies that compare these two instruments have been published. 
 
65 
 
66 Material and Methods 
 
67 
 
68 Subjects 
 
69 
 
70 This prospective study was conducted on healthy young adults recruited from 
 
71 the staff and students of the Polytechnic University of Catalonia (UPC). The 
 
72 research was conducted according to the tenets established by the Declaration 
 
73 of Helsinki: all subjects gave their written informed consent after receiving a 
 
74 written and verbal explanation of the nature of the study, and the study was 
 
75 approved by the Hospital Mutua de Terrassa Ethics Committee. 
76 The  criteria  for  inclusion  were  best  spectacle-corrected  visual  acuity  of 
 
77 0.00 logMAR or better, and no history of any ocular condition, surgery and/or 
 
78 pharmacological treatment. Patients wearing spectacles were excluded to avoid 
 
79 interferences generated by the reflex of the lens. Consequently, only 
 
80 emmetropic and contact lens wearers were included. 
 
81 
 
82 After excluding three subjects who did not fit the inclusion criteria in terms of 
 
83 visual acuity, thirty subjects, fourteen male and sixteen female, were enrolled in 
 
84 the study. The mean age (± standard deviation [SD]) of the population was 
 
85 23.66 ± 3.19 years (range: 20 to 32 years). The mean uncorrected visual acuity 
 
86 was 0.49 ± 0.65 logMAR (range: 1.30 to −0.08), and the mean best spectacle- 
 
87 corrected visual acuity was −0.02 ± 0.03 logMAR (range: 0.00 to −0.08). The 
 
88 mean spherical refractive error was -1.15 ± 1.65 dioptres (D) (range: −6.00 to 
 
89 +1.00 D), and the mean cylindrical refraction was −0.40 ± 0.38 D (range: 0.00 to 
 
90 −1.00 D). 
 
91 
 
92 Instrumentation and set-up 
 
93 
 
94 PowerRef-II. The PowerRef-II is an instrument based on infrared retinoscopy. It 
 
95 is used for the automatic determination of the sphere, cylinder and spherical 
 
96 equivalents  in  the  refractive  state  of  the  eye.  The  measurable  spherical 
 
97 refraction ranges from +5.00 to −7.00 D and the pupil diameter from 3 to 8 mm, 
 
98 with the best results obtained in pupils larger than 4 mm.13  The PowerRef-II 
 
99 obtains dynamic refractive state measurements at a sampling frequency of 
 
100 25 Hz.  This  instrument  allows  open-field  fixation,  that  can  simulate  natural 
101 vision  conditions  for  accommodative  measurements;  it  can  also  perform 
 
102 
 
103 
 
104 
simultaneous binocular measurements. 
 
105 WAM-5500. The Grand Seiko WAM-5500 is an open-field autorefractor which 
 
106 projects a ringlight and measures its deformation after reflection from the retina 
 
107 through the optics of the eye in order to calculate the refractive state of the eye 
 
108 for the sphere, cylinder and spherical equivalents. The measurable range of 
 
109 spherical refraction is ±22.00 D, the minimum pupil diameter is 2.3 mm22  and 
 
110 the vertex distance can be adjusted. It can measure the refractive state in static 
 
111 and dynamic modes at a frequency of 5 Hz connecting the autorefractor to a 
 
112 computer. The WAM-5500 allows binocular accommodative stimulation, but the 
 
113 
 
114 
measurements are monocular. 
 
115 Setup. The setup for the measurements with the PowerRef-II and WAM-5500 is 
 
116 shown  in  Figure  1  a  and  b,  respectively.  A  fixation  target  was  shown  at 
 
117 adjustable distance in both  instruments. In order to simulate the  open-field 
 
118 viewing conditions of the WAM-5500 with the PowerRef-II (Figure 1a) a hot 
 
119 mirror was used, as previously done by Jainta et al.13 The patient was placed in 
 
120 a chinrest and the total distance from the PowerRef-II to the patient’s pupil 
 
121 plane was 1 m. In the PowerRef-II configuration, the hot mirror was at 50mm 
 
122 from the pupil’s plane and the field of view was 28º. When using the WAM- 
 
123 5500,  the  instrument was  at  50mm from the  patient’s  pupil plane  and  the 
 
124 
 
125 
(vertical) field of view was 32º. 
126 
 
127 
 
128 
Measurement procedure 
 
129 All  measurements  were  performed  by  the  same  experienced  examiner. 
 
130 Measurements were carried out in only one eye: due to the configuration setup, 
 
131 the left eye was chosen in all cases. The right eye was occluded. Subjects wore 
 
132 contact  lenses  with  their  best  refractive  correction  or  no  correction  in 
 
133 
 
134 
emmetropes. 
 
135 Firstly, an optometric examination was performed.  The refractive state was 
 
136 measured by means of streak retinoscopy and subjective refraction, with the 
 
137 endpoint criteria of minimum negative lens power to maximize visual acuity. 
 
138 Uncorrected visual acuity and best-spectacle-corrected visual acuity were also 
 
139 evaluated. Accommodation was evaluated measuring the amplitude of 
 
140 accommodation by means of the Sheard or negative lens method and the 
 
141 
 
142 
accommodative facility using ±2.00 D flippers. 
 
143 After  the  optometric  examination,  accommodation  was  measured  with  both 
 
144 instruments.  For  each  instrument,  first  the  static  and  next  the  dynamic 
 
145 accommodation  were  measured.  The  sequence  of  the  instruments  was 
 
146 randomly chosen for each patient to avoid a learning effect on the results. For 
 
147 all measurements the vertex distance of the WAM-5500 was set at 0 mm, since 
 
148 the subjects wore contact lenses or no correction. Measurements with both 
 
149 instruments were performed on-axis, controlling the centration with the cameras 
 
150 from  the  instruments.  The  illumination  of  the  room  was  the  same  for  all 
151 participants (350 lux) and the pupil diameter obtained with this illumination for 
 
152 
 
153 
far vision was 5.29±0.68mm. 
 
154 Static  measurements.  The  mean  spherical  equivalent  of  five  consecutive 
 
155 measurements was obtained for three accommodative stimulations: 0.00, 2.50 
 
156 and 5.00 D. Measurements started from the far stimulation (0.00D) and ended 
 
157 at near (5.00D). Accommodative response was determined as the absolute 
 
158 value of the spherical equivalent difference between the near distance (2.50 or 
 
159 
 
160 
5.00 D) minus the far distance (0.00 D). 
 
161 Dynamic measurements. For dynamic accommodative response 
 
162 measurements, the accomodative stimulus changed from 1.00 to 3.00 D in 
 
163 2.00 D steps. Two fixation targets were used to obtain abrupt changes with the 
 
164 accommodative stimulus: one at 1.00 m (1.00 D of stimulation) and the second 
 
165 at 0.33 m (3.00 D of stimulation). The test at 0.33 m was connected to a motor 
 
166 and appeared and disappeared in 64ms. The period of the cycle was of ten 
 
167 seconds, and six cycles were repeated for each patient with a total duration of 
 
168 sixty seconds, as shown in Figure 2. The spherical equivalent was measured 
 
169 and  exported  to  a  computer,  where  it  was  divided  in  six  parts  (each  one 
 
170 corresponding to a cycle) and the mean step response was calculated. From 
 
171 the mean response, the mean accommodation and disaccomodation velocity 
 
172 and  the  velocity  peaks  of  accommodation  and  disaccommodation  were 
 
173 calculated as other authors have previously described and demonstrated.27 The 
 
174 amplitude of the response is calculated as the maximum difference in the step 
 
175 response.  The  mean  accommodation  and  disaccommodation  velocities  are 
176 calculated as the absolute value of the dioptric change divided by the time over 
 
177 the interval 10-90% of the total step, 80% of the absolute value. The peaks of 
 
178 accommodation  and  disaccommodation  velocities are calculated as the 
 
179 absolute value of the maximum dioptric change per time unit. Due to sampling 
 
180 frequency differences between both instruments, dynamic calculations obtained 
 
181 with the PowerRef-II were recalculated to reduce its sampling frequency from 
 
182 25 to 5 Hz. The data obtained from the measurements were thus filtered, taking 
 
183 
 
184 
into account just one value of every five. 
 
185 Statistics 
 
186 The  static  accommodative  response  measured  with  both  instruments  was 
 
187 compared with different methods, according to McAlinden et al. 28. Firstly, the 
 
188 mean  difference  among  instruments  was  calculated.  A  Bland  and  Altman 
 
189 analysis29   was  subsequently  performed  to  study  the  agreement  between 
 
190 instruments. This method plots the mean difference against the mean value and 
 
191 the corresponding limits  of  agreement, defined as  1.96 times the  standard 
 
192 deviation of the mean difference, within which 95% of the differences between 
 
193 measurements are expected to lie. To evaluate if there was any tendency in the 
 
194 differences to vary in any systematic manner over the range of measurements, 
 
195 the Pearson correlation coefficient and its significance were also used in the 
 
196 Bland  and  Altman  plot.  Finally,  the  Kolmogorov-Smirnov  test  was  used  to 
 
197 evaluate the normal distribution of all variables and a paired sample test was 
 
198 carried  out  to  analyse  if  there  were  significant  differences  between  the 
 
199 
 
200 
accommodative response measurements obtained with the two instruments. 
201 In relation to dynamic accommodative response measurements, the 
 
202 comparison procedure was similar to the static measurements: mean 
 
203 difference, limits of agreement, Bland and Altman plot and paired sample test 
 
204 after evaluating the normality by means of Kolmogorov-Smirnov test. Due to the 
 
205 large number of variables analysed (mean and peak velocities of 
 
206 accommodation  and  disaccommodation),  in  each  Bland  and  Altman  graph 
 
207 
 
208 
mean and peak absolute velocities were represented together. 
 
209 Statistical  analysis  was  performed  using  commercial  SPSS  software  for 
 
210 Windows (version 17.0, SPSS, Chicago, IL). A p value of 0.05 was considered 
 
211 
 
212 
significant. 
 
213 
 
214 
Results 
 
215 
 
216 
Static accommodation 
 
217 The  results  for  far  refraction  of  the  spherical  equivalent,  where  subjective 
 
218 refraction  was  compared  with  both  objective  techniques  (WAM-5500  and 
 
219 PowerRef-II), are summarized in Table 1. The mean difference is calculated as 
 
220 the objective refraction obtained with the WAM-5500 or the PowerRef-II minus 
 
221 the  subjective  refraction.  Thus,  in  objective  measurements  positive  values 
 
222 correspond to more hyperopic results. The WAM-5500 produced little 
 
223 differences with the  subjective refraction and no statistically  significant 
 
224 differences, whereas with the PowerRef-II objective refraction was 0.70 D more 
 
225 positive than subjective refraction, the limits of agreement were double that of 
226 the WAM-5500 and statistically significant differences were found. In both cases 
 
227 
 
228 
the Kolmogorov-Smirnov test proved the normal distribution of the variables. 
 
229 The static accommodative responses obtained with the WAM-5500 and the 
 
230 PowerRef-II were compared by pairs for the accommodative stimulations of 
 
231 2.50 D  and  5.00 D;  results  are  shown  in  Table  2.  The  mean  difference  is 
 
232 calculated as the response of the WAM-5500 minus the PowerRef-II. Thus, 
 
233 positive values correspond to higher accommodative responses with the WAM- 
 
234 5500. The mean difference between instruments was close to zero at 2.50 D of 
 
235 stimulation; in contrast, higher accommodative response values were obtained 
 
236 with the PowerRef-II for the 5.00 D stimulation. The Bland and Altman plot is 
 
237 shown in figure 3 for accommodative stimulations of 2.50 and 5.00D, with 
 
238 Pearson  correlation  coefficients  of  -0.499  (p=0.005)  and  -0.712  (p<0.001) 
 
239 respectively. Finally, after confirming the normal distribution of the values, the t 
 
240 test showed no differences at 2.50 D of stimulation but significant differences for 
 
241 
 
242 
5.00 D. 
 
243 
 
244 
Dynamic accommodation 
 
245 With regard to the mean velocity of accommodation and disaccommodation, the 
 
246 results for the WAM-5500 were 1.60 ± 0.41 D/s and 1.47 ± 0.44 D/s; for the 
 
247 PowerRef-II  at 25 Hz, 2.29 ± 1.03 D/s and 2.14 ± 0.96 D/s;  and  for the 
 
248 PowerRef-II  at  5 Hz,  2.13 ± 0.92 D/s  and  1.96 ± 87 D/s.  In  Table  3,  the 
 
249 comparison  among  the  WAM-5500,  the  PowerRef-II  at  25 Hz  and  the 
 
250 PowerRef-II at 5 Hz is shown as the mean difference, limits of agreement and t 
251 test performed after confirming the normal distribution of the variables. In the 
 
252 mean difference, positive results correspond to faster velocities with the first 
 
253 instrument compared, i.e., when comparing the PowerRef-II at 25 Hz versus the 
 
254 PowerRef-II  at  5 Hz the  mean  difference  is  0.16 D/s,  thus  the PowerRef-II 
 
255 measures faster velocities at 25 Hz than at 5 Hz. The mean velocity measured 
 
256 with the WAM-5500 was slower than the mean velocity measured with the 
 
257 PowerRef-II for both 5 Hz and 25 Hz. When comparing the mean velocity at 
 
258 5 Hz and  25 Hz,  faster velocities  were  obtained  with  the higher frequency. 
 
259 
 
260 
There were statistically significant differences in all the comparisons. 
 
261 The mean peak of accommodation and disaccommodation velocities for the 
 
262 WAM-5500 were 2.35 ± 0.54 D/s and 2.32 ± 0.62 D/s; for the PowerRef-II at 
 
263 25 Hz, 3.61 ± 1.21 D/s and 3.74 ± 1.45 D/s; and for the PowerRef-II at 5 Hz, 
 
264 3.18 ± 1.06 D/s and 3.15 ± 1.18 D/s. In Table 3, the comparison among the 
 
265 WAM-5500, the PowerRef-II at 25 Hz and the PowerRef-II at 5 Hz is shown as 
 
266 the mean difference, limits of agreement and t test performed after confirming 
 
267 the normal distribution of the variables. The peak velocity measured with the 
 
268 WAM-5500 was slower than that measured with the PowerRef-II for both 5 Hz 
 
269 and  25 Hz.  When  comparing  the  peak  velocity  at  5 Hz  and  25 Hz,  faster 
 
270 velocities were measured with the higher frequency. There were statistically 
 
271 
 
272 
significant differences in all comparisons. 
 
273 Bland  and  Altman  graph,  figure  4,  summarizes  the  results  for  dynamic 
 
274 accommodative response. Figure 4 a shows the mean (crosshair) and peak 
 
275 (diamond)  absolute  value  of  the  acccommodation  and  disaccommodation 
276 velocities when comparing the WAM-5500 with the PowerRef-II at 25Hz, where 
 
277 negative  values  in  the  difference  (ordinate)  correspond  to  higher  velocities 
 
278 measured with the PowerRef-II. The Pearson correlation coefficient for this case 
 
279 was -0.676 (p<0.001). The figure 4 b plots the mean (crosshair) and peak 
 
280 (diamond) absolute velocities comparison for the PowerRef-II at 25Hz and 5Hz, 
 
281 where positive values in the difference (ordinate) correspond to higher velocities 
 
282 measured with the PowerRef-II at 25Hz. The Pearson correlation coefficient for 
 
283 
 
284 
this case was -0.694 (p<0.001). 
 
285 
 
286 
Discussion 
 
287 The  WAM-5500  and  the  PowerRef-II  are  two  of  the  most  widely  used 
 
288 instruments to investigate the accommodative response of the eye. This study 
 
289 compared the results of  static and dynamic accommodation measurements 
 
290 
 
291 
when using these two instruments. 
 
292 Firstly,  the  results  of  refraction  obtained  by  means  of  the  two  objective 
 
293 instruments  (WAM-5500  and  PowerRef-II)  were  compared  with  subjective 
 
294 refraction. The results showed a good agreement between the subjective and 
 
295 the  WAM-5500  refraction,  with  a  mean  difference  close  to  zero  (0.07 D), 
 
296 relatively narrow limits of agreement [0.48,-0.34] and no statistically significant 
 
297 differences.  In  contrast,  with  the  PowerRef-II  the  mean  difference  with 
 
298 subjective measurements was high (0.70 D), the limits of agreement were wider 
 
299 [1.62,-0.22] and statistically significant differences were found. In a previous 
 
300 study22  evaluating the WAM-5500, a good agreement between subjective and 
301 autorefractometer refraction was obtained, with a mean difference of 
 
302 0.04 ± 0.41 D and no statistically significant differences (p = 0.21). On the other 
 
303 hand, the PowerRef-II tends to produce more hyperopic results, as shown in 
 
304 this  study.  Specifically,  when  comparing  the  PowerRef-II  and  subjective 
 
305 refraction, Jainta et al.13  found statistically significant differences of +0.63 D, 
 
306 Choi et al.12 of +0.59 D for the sphere, Gekeler et al.30 of +0.41 D for the sphere 
 
307 and Hunt et al.31 of +0.05 D. When compared with other objectives 
 
308 measurements, the PowerRef-II also showed more hyperopic results: 
 
309 Abrahamsson et al.32 found a difference of +0.42 D using an autorefractometer 
 
310 and streak retinoscopy, Jainta et al.13  of +0.59 D using an autorefractometer, 
 
311 Seidemann et al.16  of +1.08 D using streak retinoscopy and Gekeler et al.30 of 
 
312 +0.43 D for the sphere using an autorefractometer. The only exception to this 
 
313 trend of more hyperopic results in PowerRef-II refraction are the results of Hunt 
 
314 et  al.31   comparing  the  PowerRefractor  with  an  autorefractometer,  with  a 
 
315 difference of −0.20 D for the sphere. The subjective refraction data in the study 
 
316 of Hunt et al. showed a high standard deviation, and the first version of the 
 
317 instrument was used (the PowerRefractor, as opposed to the PowerRef-II), 
 
318 which could explain the differences. Regarding the limits of agreement, the 
 
319 WAM-5500 also shows better concordance with the subjective refraction than 
 
320 the PowerRef-II.While in the WAM-5500 the limits of agreement with subjective 
 
321 refraction were between ±0.50, these limits increased by more than double with 
 
322 the Power-Ref-II. Overall, our results agree with previous studies that obtained 
 
323 a refraction with the WAM-5500 closer to the subjective and a more hyperopic 
 
324 
 
325 
PowerRef-II refraction. 
326 When studying the static accommodative response measured by means of the 
 
327 WAM-5500 and the PowerRef-II at 2.50 D of stimulation, small (0.08 D), non- 
 
328 significant differences between instruments were found. On the other hand, 
 
329 when  increasing  the  accommodative  stimulation  to  5.00 D,  the  differences 
 
330 increased  to  0.32 D  (highest  accommodative  response  measured  with  the 
 
331 PowerRef-II) and became statistically significant. The Bland and Altman plot 
 
332 clearly shows the enlargement of the differences between the WAM-5500 and 
 
333 PowerRef-II instruments as the accommodation increases.  In a previous article 
 
334 on the effect of phenylephrine on accommodation,33 a similar effect was found 
 
335 to  a  4D  stimulus.  Similarly,  Jainta  et  al.13   found  that  the  slope  of  the 
 
336 accommodative  response  as  a  function  of  the  stimulation  was  significantly 
 
337 higher for the PowerRef-II (slope of 0.99) compared with the Canon R-1 (slope 
 
338 of 0.88), i.e., the PowerRef-II measures higher accommodative responses. In 
 
339 order to verify this finding, a small study was carried out in two eyes with the 
 
340 accommodation paralyzed with tropicamide.34  The accommodative response 
 
341 was  measured  with  both  instruments  with  eyes  wearing  contact  lenses  of 
 
342 powers from 0.00 to 5.00 D in 1.00 D steps, a procedure similar to that used by 
 
343 other authors for calibration purposes.24  Contact lenses, and not trial lenses, 
 
344 were used to avoid reflexes in the instruments. Contact lenses were fitted with 
 
345 the centration controlled, and time to adaptation prior to measurements was 
 
346 allowed. Figure 5 shows the results for the PowerRef-II and WAM-5500, where 
 
347 the  PowerRef-II  measures  higher  accommodative  responses.  The  slope 
 
348 difference among instruments (0.05) is consistent with the data obtained in the 
 
349 whole population for 2.50 D and 5.00 D stimulations, since the slope difference 
 
350 would predict an accommodative response difference of 0.12 D at 2.50 D of 
351 stimulation (difference measured in patients: 0.08 D) and 0.25 D at 5.00 D of 
 
352 stimulation  (difference  measured in  patients:  0.32 D).  The  WAM-5500 
 
353 autorefractor is essentially the same as the WR-5100K and  Nvision-K5100 
 
354 autorefractors  for  the  static  mode23,24.  Thus  the  conclusions  for  the  static 
 
355 measurements (refraction and accommodation) can be extended to these two 
 
356 
 
357 
autorefractors (WR-5100K and Nvision-K5100). 
 
358 With regard to the dynamic accommodation and disaccommodation mean and 
 
359 peak velocities, our results were in the same range as those obtained by Heron 
 
360 et al.,27 but slower than those obtained by other authors.35-37 This could be due 
 
361 to the method used to calculate the velocity. As previously mentioned, we used 
 
362 the method proposed by Heron et al., whereas different methods were used by 
 
363 
 
364 
the other authors. 
 
365 When comparing the WAM-5500 and the PowerRef-II at a sampling frequency 
 
366 of  25 Hz,  the  results  obtained  with  the  PowerRef-II  were  faster  and  the 
 
367 differences  were  statistically  significant  (Table  3);  a  negative  difference 
 
368 corresponds  to  faster  velocities  measured  with  the  PowerRef-II,  since  the 
 
369 difference is calculated as the results of the WAM-5500 minus results from 
 
370 PowerRef-II. If  the differences  shown in  Table  3  are  shown in  percentage 
 
371 (considering the WAM-5500 value as reference), there was a  difference in 
 
372 mean velocity of 44% (43% for accommodation and 45% for 
 
373 disaccommodation), and for the peak velocity of 57% (53% for accommodation 
 
374 and 61% for disaccommodation). In the Bland and Altman plot, figure 4 a, it can 
 
375 be  clearly  seen  the  increasing  difference  between  the WAM-5500  and  the 
376 PowerRef-II as faster velocities are measured, with a statistically significant 
 
377 correlation of -0.676. The differences in our study were significant, probably due 
 
378 to  the  differences  between  the  measurement  principles  of  the  instruments 
 
379 and/or to the sampling frequency (5 times slower in the WAM-5500 than in the 
 
380 
 
381 
PowerRef-II). 
 
382 In  order  to  study  if  the  instruments  caused  the  differences,  the  sampling 
 
383 frequency of the PowerRef-II was reduced from 25 Hz to 5 Hz, which is the 
 
384 sampling frequency of the WAM-5500. In the comparison of results obtained 
 
385 with  the  WAM-5500  and  the  PowerRef-II  at  5 Hz  shown  in  Table  3,  the 
 
386 differences  were  smaller  in  relation  to  the  previous  comparison,  but  still 
 
387 statistically significant. PowerRef-II at 5 Hz measured faster velocities than the 
 
388 WAM-5500. Specifically in percentages, the differences for the mean velocity 
 
389 were of 33.5% (33% for accommodation and 34% for disaccommodation) and 
 
390 for  the  peak  velocity  of  35.5%  (35%  for  accommodation  and  36%  for 
 
391 disaccommodation).  On  the  other  hand,  to  study  the  impact  of  sampling 
 
392 frequency, the results obtained with the PowerRef-II at 25 Hz and 5 Hz were 
 
393 compared  and  statistically  significant  differences  in  all  cases  were  again 
 
394 obtained (Table 3), though smaller than previously. If the data is shown in 
 
395 percentages, the differences for the mean velocity were of 10.5% (10% for 
 
396 accommodation  and  11%  for  disaccommodation)  and  of  22%  (18%  for 
 
397 accommodation and 24% for disaccommodation) for the peak velocity. In the 
 
398 Bland and Altman graph, figure 4 b, it can be seen that greater differences in 
 
399 velocities are measured as the velocity increases, with a statistically significant 
 
400 correlation coefficient of -0.694. In comparison with the figure 4 a, the slope of 
401 the  regression  line  is  less,  highlighting  the  lower  impact  of  the  sampling 
 
402 
 
403 
frequency in comparison with the effect of the instrument difference. 
 
404 From the comparison of dynamic results, it can be concluded that there are 
 
405 substantial  differences  among  these  instruments.  The  error  or  difference 
 
406 between the WAM-5500 and the PowerRef-II under normal conditions (25 Hz) 
 
407 was 44% for the mean velocity and 57% for the peak velocity. The differences 
 
408 due to the instruments (WAM-5500 vs. PowerRef-II at 5 Hz) induce an error of 
 
409 33.5% and 35.5% for the mean and peak velocities, respectively. The error 
 
410 attributable to the sampling frequency (PowerRef-II 25 Hz vs. PowerRef-II 5 Hz) 
 
411 
 
412 
is of 10.5% and 22% for the mean and peak velocities. 
 
413 To summarize, it can be concluded that when comparing both instruments for 
 
414 far vision refraction, the WAM-5500 is closer to the subjective refraction than 
 
415 the  PowerRef-II.  In  static  accommodation,  there  are  differences  among 
 
416 instruments,  not  significant at  low accommodative  stimulations  (2.50 D)  but 
 
417 significant at higher stimulations (5.00 D). With regard to dynamic 
 
418 accommodation, the differences between the WAM-5500 and the PowerRef-II 
 
419 can be mainly attributed to the instrument, but also to the sampling frequency at 
 
420 
 
421 
which measurements are taken. 
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FIGURE LEGENDS: 
 
566 Figure 1. Setup for the static and dynamic accommodative response 
 
567 measurements. a) The setup for the PowerRef-II with a fixation target (FT) at 
 
568 adjustable distance (d) seen through a hot mirror (HM). b) The setup for the 
 
569 
 
570 
WAM-5500 with a fixation target (FT) at adjustable distance (d). 
 
571 Figure 2. Example of dynamic accommodative stimulation (black solid line) and 
 
572 
 
573 
response (red dots) through time (t) (D: Dioptres; s: seconds). 
 
574 Figure 3. Bland and Altman plots comparing the accommodative response (AR) 
 
575 measured with the WAM-5500 (WAM) and the PowerRef-II (PR) for 
 
576 accommodative  stimulations  (AS)  of  2.50  (crosshair)  and  5.00D  (diamond). 
 
577 Dashed lines indicate the 95% limits of agreement and dotted lines the mean 
 
578 
 
579 
value. Dash-dotted lines indicate the regression line. 
 
580 Figure 4. Bland and Altman plots comparing the mean (crosshair) and peak 
 
581 (diamond)  absolute  value  of  the  acccommodation  and  disaccommodation 
 
582 velocities (v). a) WAM-5500 (WAM) versus PowerRef-II at 25Hz (PR25), b) 
 
583 PowerRef-II at 25Hz (PR25) versus PowerRef-II at 5Hz (PR5). Dashed lines 
 
584 indicate the 95% limits of agreement and dotted lines the mean value. Dash- 
 
585 
 
586 
dotted lines indicate the regression line. 
 
587 Figure 5. Accommodative response measured with the PowerRef-II and WAM- 
 
588 5500 in accommodation cyclopleged eyes wearing contact lenses of known 
589 power (theoretical power) (D: dioptres). Dashed lines indicate the regression 
 
590 
 
591 
line and dotted line indicates the line of equality. 
Table 
 
 
 
1 Table 1. 
2 
 Mean 
difference ± sd 
(D) 
 95% Limit of Paired sample 
 
t test (p) 
 
Agreement (D) 
RxWAM – RxSubj 0.07 ± 0.21  [0.48,-0.34] 0.093** 
 
RxPR – RxSubj 0.70 ± 0.47  [1.62,-0.22] < 0.001 
 
3 ** No significant differences 
 
4 Table 1. Comparison of refraction (Rx) when measured subjectively (Subj) and 
 
5 objectively using the WAM-5500 (WAM) and the PowerRef-II (PR). The mean 
 
6 difference (± SD), 95% limits of agreement and the paired sample t test results 
 
7 are shown (D: dioptres). 
 
8 
9 Table 2. 
 AS 
(D) 
Mean 
difference±sd (D) 
 95% Limit of Paired sample 
 
t test (p) 
 
Agreement (D) 
ARWAM- ARPR 2.50 0.08±0.32  [0.71,-0.55] 0.194** 
 
5.00 -0.32±0.48  [0.62,-1.26] 0.001 
 
10 ** No significant differences 
 
11 Table 2. Comparison of accommodative response (AR) measurements using 
 
12 the WAM-5500 (WAM) and the PowerRef-II (PR). For the two accommodative 
 
13 stimulations (AS), the mean difference (± SD) between instruments, 95% limits 
 
14 of agreement and the paired sample t test results are shown (D: dioptres). 
 
15 
95%  limits  of 
mean 
16 Table 3. 
  WAM – PR 25 Hz WAM - PR 5 Hz PR 25 Hz - PR 5 Hz 
 
 
 
VA mean (D/s) 
Mean 
difference 
 
 
−0.68 ± 1.01 
 
 
−0.52 ± 0.90 
 
 
0.16 ± 0.15 
 95% LoA   [1.30,-1.65]   [1.24,-1.38]   [0.45,0.02]  
    
t test 0.003 0.009 0.000 
 
 
 
VD mean (D/s) 
Mean 
difference 
 
 
−0.67 ± 0.98 
 
 
−0.49 ± 0.91 
 
 
0.17 ± 0.17 
 95% LoA   [1.25,-1.65]   [1.29,-1.36]   [0.50,0.01]  
    
t test 0.003 0.014 0.000 
 
 
 
VA peak (D/s) 
Mean 
difference 
 
 
−1.26 ± 1.19 
 
 
−0.83 ± 1.07 
 
 
0.43 ± 0.30 
 95% LoA   [1.07,-2.40]   [1.27,-1.86]   [1.02,0.14]  
    
t test 0.000 0.001 0.000 
 
 
 
VDpeak (D/s) 
Mean 
difference 
 
 
−1.42 ± 1.53 
 
 
−0.83 ± 1.31 
 
 
0.59 ± 0.46 
 95% LoA   [1.58,-2.89]   [1.74,2.09]   [1.49,0.15]  
    
t test 0.000 0.005 0.000 
17 Table  3. Comparison  in  terms  of  mean  difference  (± SD), 
 
18 agreement (LoA) and the paired sample t test of mean accommodative (VA ) 
 
19 and disaccommodative (VDmean) velocity and peak accommodative (VA ) and 
peak 
 
20 disaccommodative velocity (VDpeak) measurements using the WAM-5500 (WAM) 
 
21 and the PowerRef-II at 25 Hz (PR 25 Hz) or 5 Hz (PR 5 Hz) sampling frequency 
 
22 (D: dioptres). 
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